Human papillomaviruses (HPVs) target promyelocytic leukemia (PML) nuclear bodies (NBs) during infectious entry and PML protein is important for efficient transcription of incoming viral genome.
NBs are highly dynamic and vary during cell cycle progression (Dellaire, Eskiw, Dehghani, Ching, & Bazett-Jones, 2006; Everett, Lomonte, Sternsdorf, van Driel, & Orr, 1999; Jul-Larsen, Grudic, Bjerkvig, & Boe, 2009) . They disassemble during mitosis to form large cytoplasmic aggregates and reassemble after mitosis and nuclear envelope reformation have been completed (Palibrk et al., 2014) . Despite many attempts, the exact cellular function of PML NBs has not been uncovered yet. Because of the transient nature of protein association with PML NBs, they were suggested to serve as intracellular storage compartment for excess protein that allows quick access if needed (Negorev & Maul, 2001) . In support of this, post-translational modifications, such as SUMOylation, regulate association of proteins with PML NBs (Cheng & Kao, 2012; Schmitz & Grishina, 2012) .
Many DNA viruses, including members of the herpesviridae family, target PML NBs during primary infection and induce a reorganization of these subnuclear structures (Adamson & Kenney, 2001; Berscheminski et al., 2013; Everett, 2001; Ishov & Maul, 1996; Maul & Negorev, 2008; Sternsdorf et al, 1997; Tavalai et al, 2011) . To achieve reorganization, these viruses encode proteins, either expressed as immediate early proteins and/or delivered to host cells as a virion component, that target specific PML isoforms for degradation. Failure to induce reorganization of PML NBs prevents efficient establishment of infection (Ahn, Brignole, & Hayward, 1998; Ahn & Hayward, 2000; Boutell, Orr, & Everett, 2003; Everett & Maul, 1994; Everett et al., 1998; Korioth, Maul, Plachter, Stamminger, & Frey, 1996; Muller & Dejean, 1999; Parkinson & Everett, 2000) . Conversely, knockdown of PML alleviates the requirement for the PML-targeting viral proteins (for review, see reference Saffert & Kalejta, 2008) . Evidence has been presented that supports an antiviral function for PML NBs, specifically PML protein, and suggests that the reorganization allows the virus to escape this innate immune response (for review, see reference Maarifi, Chelbi-Alix, & Nisole, 2014) . While PML NBs have been shown to restrict viral infection for most viruses unless they are reorganized, papillomaviruses (PVs), including bovine papillomavirus 1 (BPV1), and human papillomavirus 16 (HPV16) and HPV18, require PML protein for efficient establishment of infection (Day, Baker, Lowy, & Schiller, 2004; Stepp, Meyers, & McBride, 2013) . PVs transiently target PML NBs during infectious entry. Prior to accumulating at PML NBs, HPV16 attaches to host cells by interaction of the major capsid protein, L1, with basement membrane-and cell surface-resident receptors (Culp, Budgeon, Marinkovich, Meneguzzi, & Christensen, 2006; Giroglou, Florin, Schäfer, Streeck, & Sapp, 2001; Johnson et al., 2009; Richards, Bienkowska-Haba, Dasgupta, Chen, & Sapp, 2013; Richards, Mukherjee, Bienkowska-Haba, Pang, & Sapp, 2014; Richards, Lowy, Schiller, & Day, 2006; Roberts et al., 2007) . The interaction with heparan sulfate moieties induces conformational changes affecting both capsid proteins (Richards et al., 2013; Richards et al., 2006; Bienkowska-Haba, Patel, & Sapp, 2009) . Conformational changes reduce the affinity to the primary receptor, which in turn allows transfer to less-well defined uptake receptors (Dziduszko & Ozbun, 2013; Evander et al., 1997; Scheffer et al., 2013; Selinka et al., 2007; Woodham et al., 2012) , endocytosis (Schelhaas et al., 2012; Spoden et al., 2008; Spoden et al., 2013) , and uncoating in acidified endocytic vesicles (Bienkowska-Haba, Williams, Kim, Garcea, & Sapp, 2012; Day, Lowy, & Schiller, 2003; Selinka, Giroglou, & Sapp, 2002; Spoden et al., 2008) . The viral genome in association with the minor capsid protein, L2, is rescued from lysosomal degradation by retromer complexes.
Retromer complexes mediate trafficking of the L2/genome complex to the trans-Golgi network (Day, Thompson, Schowalter, Lowy, & Schiller, 2013; DiGiuseppe, Bienkowska-Haba, Hilbig, & Sapp, 2014; Lipovsky et al., 2013) . The L2 protein likely mediates the interaction with the transport machinery, since it partially penetrates the endocytic membrane following uncoating (DiGiuseppe et al., 2015; Popa et al., 2015; Zhang, Kazakov, Popa, & DiMaio, 2014) . The L2/genome complex gains access to the nuclei during mitosis, requiring nuclear envelope breakdown rather than active nuclear import via nuclear pores (Aydin et al., 2014; Pyeon, Pearce, Lank, Ahlquist, & Lambert, 2009) . During these processes, the viral genome is still present in membrane bound transport vesicles and requires microtubules for transport (DiGiuseppe et al., 2016) . The L2/DNA complex associates with PML NBs after reformation of the nuclei (Day et al., 2004) . HPV16 L2 protein can be SUMOylated and harbors a sumo interaction motif (SIM), suggesting that L2 protein may mediate association with PML NBs (Bund et al., 2014; Marusic, Mencin, Licen, Banks, & Grm, 2010) . This is supported by the observation that L2 over-expression in mammalian cells results in its accumulation at PML NBs (Becker, Florin, Sapp, Maul, & Sapp, 2004; Becker, Florin, Sapp, & Sapp, 2003; Day, Roden, Lowy, & Schiller, 1998) . Furthermore, L2 protein may transiently localize to PML NBs in differentiated keratinocytes of naturally infected tissue (Florin, Schäfer, Sotlar, Streeck, & Sapp, 2002) .
Triggered by our recent finding that Epstein Barr Virus (EBV)-harboring epithelial cells, which have lower numbers of PML NBs compared with parental cells (Sivachandran, Cao, & Frappier, 2010; Sivachandran, Sarkari, & Frappier, 2008) and displayed reduced levels of HPV16 genome following infectious entry, we revisited the role of PML NBs in HPV16 infection using knockdown approaches. Herein, we report that knockdown of PML protein in HaCaT keratinocytes reduces nuclear genome levels following infectious entry, probably due to degradation after successful delivery. This points to a protective role of PML NBs in HPV16 infection. We also observed that PML knockdown constitutively activated an interferon (IFN) response.
2 | RESULTS 2.1 | PML knock down reduces HPV pseudogenome levels in HPV16-infected cells Using mouse cells deficient for PML protein, it was reported that PML protein is important for efficient transcription of incoming BPV1. Similarly, transcription driven by the heterologous CMV major immediate early promoter was impaired 10 fold in the absence of PML protein (Day et al., 2004) . To explain activation of homologous and heterologous promoters, it was concluded that PML NBs provide an environment favoring transcription. While investigating a possible synergy between EBV and HPV16, we observed that the amount of EdU-labeled nuclear DNA delivered by HPV16 particles was reduced approximately three-fold in EBV-harboring epithelial AGS cells as compared with parental AGS cells (Figure 1a,c) . Furthermore, the number of PML NBs was reduced in cells infected with EBV as well (Figure 1b) . We also observed reduced HPV16 transcript levels in EBV-containing compared with parental AGS cells (Figure 1d ).
Because EBV has been shown to induce the degradation of PML isoforms (Sarkari, Wang, Nguyen, & Frappier, n.d.) and PML protein was recently indirectly implicated in nuclear delivery of HPV16 (Broniarczyk, Massimi, Bergant, & Banks, 2015) , we revisited the role of PML protein in the establishment of HPV16 infection. To this end, we generated stable HaCaT-derived cell lines deficient for all isoforms of PML protein using shRNA delivered by lentivirus transduction using constructs kindly provided by R. Everett (Everett et al., 2008) . Various groups have used this shRNA in a number of studies and no off-target effects have been reported (Everett et al., 2008; Everett, Murray, Orr, & Preston, 2007; Sarkari, Wang, Nguyen, & Frappier, 2011; Sivachandran, Wang, & Frappier, 2012; Smith, Box, Haug, Lane, & Davido, 2014) . As control, HaCaT cells were also stably transduced with a lentivirus expressing a scrambled shRNA. Knockdown was con- 2.2 | Reduced nuclear HPV16 genome levels in PML knockout cells are due to genome loss following successful nuclear delivery
To rule out that the reduced nuclear level of viral pseudogenome was due to early events, we quantified virion binding in vector control and PML protein-deficient HaCaT cells. As shown in Figure 3a , binding was not significantly affected by PML knockdown. L2 protein, which accompanies viral genome to the nucleus, harbors a nuclear export signal recognized by the nuclear export factor Chromosomal Maintenance 1 (CRM1; Mamoor et al., 2012) . To test the possibility that DNA delivered by HPV16 particles is exported from the nucleus in absence of PML protein, we measured EdU-stained puncta in infected cells treated with the CRM1 inhibitor LMB during the last 2 hr of infection. LMB treatment did not restore levels of EdU-positive puncta in PML protein-deficient cells (Figure 3b ). LMB treatment resulted in CRM1 accumulation in the nucleus (data not shown). During these analyses, we was shown that HPV infection requires nuclear envelope breakdown for nuclear access of the viral genome and the viral genome is still in a vesicle during mitosis (Aydin et al., 2014; DiGiuseppe et al., 2016; Pyeon et al., 2009) . Therefore, we quantified association of EdUlabeled encapsidated DNA with mitotic chromosomes at different stages of mitosis in both vector control and PML-deficient HaCaT cells.
Reduced levels of EdU-labeled puncta in interphase of PML-deficient cells compared with vector control cells were again confirmed. However, we found no significant difference between these cells from metaphase through telophase (Figure 3c,d ) providing further support that the observed difference in interphase is not due to early events of infectious entry. The rather low degree association of viral genomes with mitotic chromosomes is best explained by the asynchronous entry with reported half times of up to 12 hr (Selinka et al., 2007) . We would like to point out that we did not observe co-localization of PML protein with viral pseudogenome on mitotic chromosomes, suggesting that interaction between PML protein and viral genome may not be important for efficient nuclear genome delivery (Figure 3c ) in line with observations by Day et al. (Day et al., 2004) . Although co-localization of individual viral genomes with large cytoplasmic PML aggregates was observed in rare cases (Broniarczyk et al., 2015) . When we compared EdU-labeled puncta in pro-metaphase and ana-/telophase of vector control cells, we observed approximately a 50% decrease in the number of puncta associated with each of the newly forming nuclei (Figure 3d ). This is best explained by the segregation of sister chromatids rather than being due to dissociation from the mitotic chromosomes. An additional reduction in EdU puncta is seen from ana-/ telophase to interphase and approximately 63% are retained in interphase cells compared with late mitotic stages ( Figure 3f ). In PML protein-deficient cells, we again see a reduction by approximately 50% of EdU puncta in late mitotic stages compared with pro-metaphase due to sister chromatid segregation. However, only 17% of EdU puncta are retained in interphase nuclei of PML protein-deficient cells (   Figure 3f ). Based on signal size and intensity, which is similar in viral particles bound to ECM and present intracellularly (data not shown), we assume that on average each EdU puncta associated with mitotic EdU-labeled viral pseudogenome number was counted manually in z-stacks spanning the whole nucleus for each cell. Results were calculated from 55 cells collected in three independent experiments. Error bars represent standard error of the mean. p value was determined using Student's t-test. ***: p < 0.001; **: p < 0.005 chromosomes or present in interphase cells represents a single DNA molecule delivered by one viral particle rather than representing an aggregate of viral particles. Therefore, loss of EdU puncta cannot be explained by diffusion of aggregated DNA.
Taken together, these findings suggested that DNA delivered by viral particles is lost in PML protein-deficient cells. In an attempt to confirm these findings, we isolated nuclei of HaCaT cells after infection to measure nuclear viral genome by qPCR. Unfortunately, we were not able to completely remove viral genome still present on the ECM, the cell surface or in the cytoplasm despite employing various means of cell fractionation. Nuclear fractions obtained from cells infected with L1 only or mutant HPV16 particles harboring 16 L2-R302/5A, which are both defective for delivering genome to the nucleus, contained similar levels of viral genomes as nuclei from wild type infected cells (DiGiuseppe et al., 2014) . To rule out that reduced levels of EdU puncta in PML protein-deficient cells are due to loss of encapsidated linear cellular DNA, which always contaminates pseudovirus preparations, we subjected DNA isolated from two HPV16 quasivirion preparations and aligned the reads to the human genome. We found that 24% and 34% of total encapsidated DNA was of human origin (Figure 3e) . Therefore, the 83% reduction of EdU puncta in PML proteindeficient HaCaT cannot solely be explained by degradation of encapsidated cellular DNA, suggesting that the loss is mostly due to removal of encapsidated pseudogenome. However, the level of Cell-binding assay. HPV16 pseudoviruses were bound to of HaCaT cells stably transduced with lentiviruses expressing scrambled or small hairpin RNA directed against PML for 1 hr and L1 was detected using K-75 antibody. (b) Quantification of 5-ethynyl-2′-deoxyuridine (EdU)-labeled viral pseudogenome in the nuclei of promyelocytic leukemia (PML)-deficient HaCaT cells after inhibition of nuclear export. Cells were grown on glass coverslips and infected with EdU-labeled PsV and processed at 26 hpi. Leptomycin B (10 ng/ml) was added 2 hr prior to fixation. Cells were stained for EdU, PML, lamin A/C, and 4',6-diamidino-2-phenylindole (DAPI). Number of EdU-labeled viral pseudogenome was quantified in z-stacks spanning the whole nucleus in 51 control and 47 LMB-treated cells. Student's t-test was used to determine statistical significance of the data. (c) EdU-labeled viral pseudogenome in different stages of mitosis. Cells were grown on glass coverslips and infected with EdU-labeled PsV and processed at 24 hpi for the detection of EdU-labeled DNA (red), PML (green), lamin A/C (not shown), and DAPI (blue). A single slice from a z stack is shown. (d) Number of EdU-labeled viral genome bound to cellular chromatin or in the nucleus was scored in cells captured in different stages of mitosis. An example representative of two independent experiments is shown. Results were calculated from at least 30 cells per experiment. Student's t-test was used to determine statistical significance of the data. (e) Composition of encapsidated DNA in quasivirion preparations according to MiSeq Reporter. Two samples of DNA isolated from independent quasivirion preparations were sequenced using Illumina NextSeq 500. Results of alignment to the human genome are shown as percent of total sequenced encapsidated DNA. (f) Quantification of EdU-labeled viral genome bound to cellular chromatin in cells at interphase normalized to anaphase-telophase [shown in (d)] encapsidated cellular DNA correlates well with the observed 37% loss of EdU puncta in parental HaCaT cells.
Taken together, these data suggest that the loss of viral genome following nuclear delivery may be partially responsible for the PML knockdown phenotype. The data furthermore indicate that viral genome is likely lost by degradation if not associated with PML NBs.
| PML knockdown does not impair HPV16 infection of HeLa cells
Next, we wanted to confirm our findings using HeLa cells, a cervical cancer-derived cell line commonly used in HPV entry studies. PML protein-deficient HeLa derivatives were established together with vector control lines (Figure 4a,b) and analyzed for HPV16 transcription and pseudogenome delivery as described above for HaCaT cell lines. To our surprise, PML knockdown neither impaired transcription of HPV16 genomes and pseudogenomes nor did it affect levels of nuclear DNA delivered by viral particles at 24 hpi in interphase cells (Figure 4c-e) .
However, we again observed a drop in genome levels similar to HaCaT when early mitotic stages were compared with later stages, which is due to sister chromatid segregation.
| PML protein knockdown induces an IFN response in HaCaT cells
To start addressing possible mechanisms responsible for the unexpected loss of HPV genome, we compared the transcriptome of PML protein-deficient with vector control-transduced HaCaT cells using gene array analysis. Strikingly, factors typically induced by IFN signaling were highly upregulated in PML protein-deficient cells (Figure 5a ). This analysis also confirmed the knockdown of PML protein. We chose eight genes and confirmed their increased expression in PML knockdown cells by RT-qPCR (Figure 5b ). Interferon-stimulated gene (ISG) expression levels increased as a function of passage number Western blot analysis confirmed an increase in the amount and phosphorylation of Stat1 protein (Figure 5c) . Surprisingly, the common type I IFNs are not expressed at appreciable levels in either cell line (Table 1 ).
The exception is IFN κ, a keratinocyte-specific type I IFN, which is expressed at very low levels, however, not affected by PML knockdown. The type II IFN γ is also not expressed in HaCaT cells. In contrast, the type III IFN λ is expressed, albeit at low levels, and expression is increased approximately 10 fold in PML protein-deficient cells. We then confirmed that the type I IFN pathway is functional. with inhibitors of the nuclear export factor CRM1 did not restore genome levels in PML protein-deficient cells, we propose that genome loss is due to degradation. Our data also suggest that PML protein is not directly involved in nuclear genome delivery as recently suggested (Broniarczyk et al., 2015) , which confirms previous findings by Day et al. (Day et al., 2004) . We only see rare events of co-localization of viral genome in large cytoplasmic PML aggregates, never on mitotic chromosomes. Furthermore, association of viral genome with chromosomes during mitosis is not altered by PML knockdown. One possible explanation for the loss of viral genome in HaCaT but not in HeLa cells is that it is being recognized as foreign by nuclear innate immune sensors. This is in line with our observation that PML protein-deficient HaCaT but not HeLa cells display elevated transcript levels of interferon responsive genes. The encapsidated genome is mostly chromatinized and as such similar to the host cell DNA. It will be interesting to investigate in future, which sensors are involved. A possible trigger may be the presence of viral capsid proteins or the circular form of incoming viral genome. However, the current experimental system for pseudovirus production and labeling of the genome is based on transfecting plasmids derived from bacteria into the packaging cell line.
Therefore, we cannot exclude that virus-delivered encapsidated DNA is partially derived from bacteria and recognized as such.
Our data suggest that PML protein is required for efficient HPV transcriptional activity, in addition to ensuring the integrity of incoming HPV genome. While treatment with the inhibitor of the JAK/Stat signaling pathway INBC restored genome levels, it did not rescue transcription. This is in line with a previous report using a rather artificial experimental system of PML deficient mouse embryonic stem cells and BPV1 (Day et al., 2004) . The findings were recently confirmed in a study using primary human foreskin keratinocytes, in which the (Stepp et al., 2013) .
However, the underlying mechanism was not investigated. The same study described that another marker of PML NBs, Sp100, restricts transcription from HPV18 genomes. Taken together with our results, the data suggest that, in addition to providing a protective environment for HPV genomes upon infectious entry, PML NBs regulate transcription as well. An attractive interpretation is that the initial stimulation of viral transcription in the presence of PML protein allows the establishment of infection and recruitment of Sp100 may help to silence viral promoters at later times. Because PML NBs are completely disassembled during mitosis and are reassembled after nuclear envelope reformation (Palibrk et al., 2014) , it is conceivable that Sp100 recruitment to these sites is slightly delayed allowing establishment of infection before silencing viral genomes to aid immune evasion. Further studies are required to establish the exact timing of Sp100 recruitment to PML NBs following infectious entry.
It will also be of interest to delineate the timing of PML protein recruitment to the L2/viral genome complex, which may occur prior to or after release of the viral genome from the nuclear transport vesicles (DiGiuseppe et al., 2016) .
The herein described protective function of PML NBs may also explain why other DNA viruses, such as members of the herpesviridae family, reorganize PML NBs rather than disassembling them completely. One previous study indirectly implied that PML NBs might be required for stabilizing the herpes simplex virus type 1 (HSV-1)
genome. Using HSV-1 virions that packaged an amplicon, which was composed of the HSV-1 origin of replication, the "a" sequence for cleavage and packaging, and a reporter, it was observed that exclusively amplicon sequences located at PML NBs were transcriptionally active (Tang et al., 2003 Our findings also imply that the PML protein-deficient host cell can sense incoming PV DNA or the viral capsid protein(s) and target the DNA for degradation. While cytosolic and nuclear sensors of foreign DNA have been identified previously, these sensors detect DNA that is bacterial, artificial or naked, that is, not packaged into chromatin (Diner et al., 2015; Fernandes-Alnemri, Yu, Datta, Wu, & Alnemri, 2009; Hornung et al., 2009; Kerur et al., 2011; Orzalli, DeLuca, & Knipe, 2012; Rathinam et al., 2010; Unterholzner et al., 2010) . In contrast, the HPV genome is organized into chromatin composed of the four core histones and does not contain any viral protein other than the capsid proteins that help deliver the viral genome (Favre, Breitburd, Croissant, & Orth, 1977) . Currently, we do not know the nature of this sensor and where it might be located. According to current models, incoming viral DNA escapes the endocytic compartment at the trans-Golgi network or endoplasmic reticulum prior to mitosis . Thus, both cytosolic and nuclear sensors should have access to viral genome. However, only IFI16, a sensor pres- 
| Antibodies and reagents
Antibodies used for the study were as follows: PML (BETHYL; catalog number (#) A301-167A), lamin A/C mouse (Sigma; #SAB4200263), Nup153 (Covance; #MMS-102P), pStat1 and Stat1 (Cell Signaling;
#9167S and 9176S, respectively), and β-actin (Santa Cruz; #sc-47778). L1-specific mouse monoclonal antibody 33 L1-7 and rabbit polyclonal K-75 were described previously (Selinka et al., 2007; Sapp et al., 1994) . Click-iT® EdU Imaging Kit (Molecular Probes; C10338), AlexaFluor (AF)-labeled secondary antibodies (Life Technologies; #A11029, A11034, A21236, and A21245) and phalloidin were purchased from Life Technologies. Peroxidase-conjugated AffiniPure goat anti-mouse and anti-rabbit antibodies were purchased from Jackson ImmunoResearch.
| Generation of HPV16 pseudo-and quasivirions
The pSheLL16 L1/L2 packaging plasmid and pfwB plasmid, expressing enhanced green fluorescent protein (GFP) were a kind gift from John Schiller, Bethesda, MA. pCMV-LoxP-HPV16-LoxP-eGFP plasmid and pBCre plasmid were provided by Jason Bodily (Shreveport, USA) (Lee et al., 2004) . Quasivirions were generated using 293TT cells following the improved protocol of Buck and Thompson (Buck & Thompson, 2007) with minor modifications. Briefly, 293TT cells were first cotransfected with pSheLL16 L1/L2 packaging plasmid and pCMVLoxP-HPV16-LoxP-eGFP plasmid and 24 hr later transfected with pBCre plasmid. After 2 days, cells were harvested and viral particles were purified as described previously Buck, Thompson, Pang, Lowy, & Schiller, 2005) . Because activity of the cre recombinase generates two circular plasmids of packable size (pEGFPN1 and HPV16 genome), isolated virions comprise a mixture of pseudovirions (pEGFPN1 plasmid) and quasivirions (HPV16 genome). Pseudovirions harboring GFP were also generated in 293TT cells as described by Buck et al. Buck et al., 2005) . For pseudogenome detection by fluorescence microscopy, pseudogenomes were labeled with 5-ethynyl-2′-deoxyuridine (EdU) by supplementing the growth medium with 100 μM EdU at 6 hr post transfection as described (Ishii et al., 2010) 
| Infection in presence of drugs and immunofluorescence
HaCaT cells were grown on cover slips at approximately 50% confluency and infected with HPV16 pseudovirus in the presence of 0.4 μM INBC (Ruxolitinib; Cayman Chemical; #11609). At 30 hpi, samples were fixed with 4% paraformaldehyde and stained as described above for EdU, PML, lamin A/C, and DAPI using primary and appropriate AF tagged secondary antibody.
For immunofluorescence in the presence of Leptomycin B (LMB), 10 ng/ml LMB (Sigma; #L2913) was added at 24 hpi and incubated for an additional 2 hr. At 26 hpi, samples were fixed with 4% paraformaldehyde and stained as described above for EdU, PML, lamin A/C, and DAPI using primary and appropriate AF tagged secondary antibody.
| Western blot
Whole-cell extracts were obtained from cell pellets lysed in 1×
Laemmli sample buffer supplemented with 2-mercaptoethanol and 1× phosphatase inhibitor Cocktail 2 and 3 (Sigma; #P5726 and P0044, respectively). Proteins were resolved on sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. Membranes were blocked 1 hr in 5% Blotting-Grade Blocker (BIO-RAD; #170-6404) in Tris-HCl buffered saline pH 7.6 supplemented with 0.1 % Tween 20 1× TBST and incubated at 4°C overnight with primary antibodies. The primary antibodies and dilutions were as follows: PML (1:2,000), phospho-Stat1 (Tyr701)
(1:1,000), and Stat1 (1:1,000). After primary antibody incubation, membranes were washed 3 × 15 min in 1× TBST wash buffer.
Membranes were then incubated with horseradish peroxidase-tagged goat anti-mouse and goat anti-rabbit secondary antibodies (1:2,500) at room temperature for 1 hr, washed 3 × 15 min in 1× TBST. Signals were detected by enhanced chemiluminescence (Thermo Scientific; #1859701 and 1859698)). Equal protein loading was confirmed by probing with β-actin monoclonal antibody (1:2,000).
4.9 | RNA isolation, cDNA synthesis, real-time qPCR 
